INTRODUCTION
============

Sepsis is a leading cause of death in the intensive care unit of hospital ([@R1]). Despite substantial efforts to advance its medical care, sepsis remains a great challenge worldwide and causes more than 8 million deaths annually ([@R2]). Most clinical trials have seen little success because of the complexity of this disease ([@R3]). Current start-of-the-art approaches for treating severe sepsis and septic shock are mainly supportive treatments, which need intensive patient care and only give limited efficacy ([@R4]). Pathologically, sepsis is a deleterious and nonresolving systemic inflammatory response syndrome (SIRS), induced by infection, ultimately evolving to acute organ failure through irreversible damage on endothelial, epithelial, and immune cells ([@R5], [@R6]). Mechanistically, inflammatory dysregulation is typically initiated and driven by the excessive activation of Toll-like receptors (TLRs), which recognize pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns, such as bacterial toxins, proteins, and nucleic acids ([@R7], [@R8]). Among those circulating danger signals, cell-free DNAs (cfDNAs), including pathogen-derived CpG, damaged cell-released mitochondrial DNA, and nuclear DNA, as well as neutrophil extracellular traps, have been demonstrated to not only represent prognostic, predictive biomarkers of sepsis but also contribute to the magnitude and duration of inflammatory response through TLR activation in immune cells ([@R9], [@R10]). In this context, neutralization of cfDNA may modulate the overwhelming immune response and ameliorate organ injury caused by severe sepsis.

Because cfDNAs comprise different structures, sequences, or modifications, it is difficult to specifically neutralize these cfDNAs through complementary sequences or structural interactions ([@R11]). However, they may be bound by cationic polymers used widely for gene delivery ([@R12]). We have demonstrated that nucleic acid--binding polymers (NABPs) can scavenge proinflammatory nucleic acids to modulate inflammation at the injured site ([@R13], [@R14]). We have previously found that third generation polyamidoamine dendrimer (PAMAM-G3), a classic NABP, could prevent TLR activation in the target immune cells through exogenous scavenging of proinflammatory nucleic acids and nucleic acid--protein complexes and was beneficial for treating acute liver failure ([@R13]), lupus ([@R15]), cancer metastasis ([@R16]), and influenza infection ([@R17]), although PAMAM-G3 also showed notable toxic effects in vivo ([@R18]--[@R20]). Compared with soluble NABPs, nucleic acid--binding nanoparticles (NABNs) may produce different scavenging effects due to their distinctive transport properties. We have shown in a murine rheumatoid arthritis model that cationic nanoparticles can outperform the soluble NABP counterpart, owing to their preferential accumulation in the inflamed joints and in the endosomal compartment where TLR9 resides ([@R21]).

Here, we first examined the effect of PAMAM-G3 on both the cecal ligation and puncture (CLP)--induced severe sepsis model and the CpG-induced fatal SIRS model. We confirmed that cfDNA played a crucial role in the TLR-mediated proinflammatory activation of macrophages in the peritoneal space, where the dysregulation of immune response and pathogenesis of severe sepsis occur, and that cfDNA scavenging could help alleviate the symptom and achieve a therapeutic effect. We then synthesized two biodegradable mesoporous silica nanoparticles functionalized with polyethylenimine (MSN-PEI) with controllable charge density. We compared the scavenging capabilities and anti-inflammatory effects between PEI and MSN-PEI with different charge densities in vitro and in vivo. We also investigated the tissue biodistribution and intracellular trafficking of these scavengers to help interpret the results and to determine their safety profile for defining the translation potential. Collectively, the findings demonstrate that NABNs with higher charge density can better ameliorate septic injury in the CLP model and suggest the potential of using these NABNs as promising cfDNA scavengers for treating intractable, severe sepsis.

RESULTS
=======

Therapeutic potential of PAMAM-G3 in severe sepsis
--------------------------------------------------

PAMAM-G3 not only exhibited high binding affinity with calf thymus DNA (ct-DNA) (fig. S1A) but also inhibited CpG-mediated TLR9 activation in engineered human embryonic kidney (HEK)--TLR9 reporter cells (fig. S1B) and reduced the proinflammatory cytokine tumor necrosis factor--α (TNF-α) secreted by RAW 264.7 macrophages (fig. S1C). The serum cfDNA level in septic patients was significantly higher than that in healthy volunteers ([Fig. 1A](#F1){ref-type="fig"}). The septic serum would activate TLR9 ([Fig. 1B](#F1){ref-type="fig"}), and addition of PAMAM-G3 blocked the TLR9 activation. Furthermore, treating macrophages with PAMAM-G3 attenuated the septic serum--induced production of TNF-α ([Fig. 1C](#F1){ref-type="fig"}). These findings indicate that the cfDNA in septic serum induced TLR9 activation and proinflammatory cytokine secretion, while this pathological phenotype could be abrogated by PAMAM-G3.

![PAMAM-G3 reduces the cfDNA-driven proinflammatory response in vitro and in CLP-induced severe sepsis.\
(**A**) Serum levels of cfDNA in healthy volunteers (*n* = 16) and patients with sepsis (*n* = 15). Data are expressed as the means ± SEM, and differences were assessed with Student's *t* test. (**B**) Activation of HEK-TLR9 reporter cells by either healthy human serum or sepsis patient serum in the absence or presence of PAMAM-G3 (10 μg/ml) for 24 hours. The corresponding embryonic alkaline phosphatase (SEAP) activity in supernatants from each group was determined with a QUANTI-Blue assay with optical density at 620 nm (OD~620~). (**C**) RAW 264.7 macrophages were stimulated with sepsis patient serum in the absence or presence of PAMAM-G3 (10 μg/ml) for 24 hours. Supernatants were assayed for TNF-α via enzyme-linked immunosorbent assay (ELISA). In (B) and (C), differences were assessed via one-way analysis of variance (ANOVA) with Tukey's multiple comparison tests (\*\*\**P* \< 0.001, compared with healthy serum; \#\#\#*P* \< 0.05, compared with sepsis serum). The data are expressed as the means ± SEM. (**D**) The indicated BALB/c mice were subjected to CLP of different grades. Survival was monitored for 144 hours (*n* = 10 mice per group; \**P* \< 0.05 and \*\*\**P* \< 0.001, Kaplan-Meier survival analysis). (**E**) High-grade CLP was performed on BALB/c mice, followed by intraperitoneal injection of PAMAM-G3 or Xuebijing (XBJ) (20 mg/kg) 12 hours before and 1 and 12 hours after surgery. Survival was monitored for 144 hours (*n* = 10 mice per group; \**P* \< 0.05 and \*\*\**P* \< 0.001, Kaplan-Meier survival analysis). (**F**) Mice were monitored for 144 hours after CLP for clinical scoring. The clinical scoring of sepsis was defined according to a range from 0 (no symptoms) to 5 (loss of self-righting reflex). The data are expressed as the means ± SEM. (**G** to **I**) High-grade CLP was performed on BALB/c mice, followed by treatment as described in (E). The levels of the proinflammatory cytokines (G) TNF-α, (H) interleukin-6 (IL-6), and (I) monocyte chemoattractant protein-1 (MCP-1) were measured in the blood 24 hours after CLP. Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 6 to 8 mice per group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM.](aay7148-F1){#F1}

The CLP model, which triggers polymicrobial peritonitis and ultimately leads to sepsis, is one of the gold standards in studying sepsis. It shares similar characteristics on a multitude of TLR activation relevant to the clinical sepsis ([@R22], [@R23]). We developed the CLP septic model with different grades by varying the distance of cecum ligation in wild-type BALB/c mice ([Fig. 1D](#F1){ref-type="fig"}). The highest clinical score (fig. S2A) and the highest serum and peritoneal cfDNA levels (fig. S2, B and C) were designated as the severe grade. This severe model was chosen to demonstrate the protective potential of PAMAM-G3. All CLP-induced animals without any treatments died within 72 hours. In contrast, repetitive intraperitoneal administration of PAMAM-G3 (20 mg/kg) in a protective manner (at 12 hours before CLP and 1 and 12 hours after CLP) produced notable protection (40% surviving rate) against the lethal condition ([Fig. 1E](#F1){ref-type="fig"}), which triggered death starting at 24 hours after CLP induction ([Fig. 1F](#F1){ref-type="fig"}). The survival prolongation conferred by PAMAM-G3 corresponded with a significant reduction in the proinflammatory cytokines, including TNF-α ([Fig. 1G](#F1){ref-type="fig"}), interleukin-6 (IL-6; [Fig. 1H](#F1){ref-type="fig"}), and monocyte chemoattractant protein-1 (MCP-1; [Fig. 1I](#F1){ref-type="fig"}), in serum. In addition, PAMAM-G3 ameliorated lung, kidney, liver, and heart tissue injury (tissue destruction, necrosis, and leukocyte infiltration; fig. S3). Consistently, biochemical analyses on liver \[alanine aminotransferase (ALT), aspartate aminotransferase (AST), and bilirubin (TBIL)\], kidney \[blood urea nitrogen (BUN) and creatinine (CRE)\], and heart \[creatine kinase (CK)\] functions confirmed the protective effects of PAMAM-G3 in preventing the failure of these organs (fig. S4). PAMAM-G3 exhibited an efficacy similar to that provided by Xuebijing (XBJ), the drug that the Chinese State Food and Drug Administration approved for sepsis treatment ([@R24], [@R25]). These data suggest that PAMAM-G3 is able to reduce septic death and ameliorate multiple organ injury in a clinically relevant severe sepsis model.

Scavenging of cfDNA protects mice against septic death through TLR9
-------------------------------------------------------------------

After demonstrating the protective effects of PAMAM-G3 in the CLP-induced severe sepsis model, we checked its effect in a CpG-induced fatal SIRS model ([@R26]). Intraperitoneal injection of CpG in [d]{.smallcaps}-galactosamine--sensitized mice induces proinflammatory cytokine storm and septic lethal shock through the direct TLR9 activation, which conserves the characteristics of severe sepsis-induced SIRS in clinics. Mice were intraperitoneally treated with PAMAM-G3 or XBJ at 30 min after CpG challenge. All the mice died within 48 hours after CpG injection, while PAMAM-G3 remarkably reduced mortality by 90% (fig. S5A). In addition to the improvement on survival, we also found significant reduction in other inflammatory markers, such as fewer TLR9^+^ peritoneal cells (fig. S5B) and reduced serum TNF-α (fig. S5C) and IL-6 (fig. S5D) levels. These findings clearly verified that the protective effect of PAMAM-G3 and its downstream anti-inflammatory responses in CpG-induced SIRS model were from cfDNA scavenging.

Next, we sought to decipher the role of cfDNA in the progression of sepsis. As expected, PAMAM-G3 significantly lowered the elevation of both serum ([Fig. 2A](#F2){ref-type="fig"}) and peritoneal ([Fig. 2B](#F2){ref-type="fig"}) cfDNA level. The increased secretion of proinflammatory TNF-α, IL-6, and MCP-1 in peritoneal lavage fluid (PLF) of septic mice (fig. S6, A to C) also indicated the proinflammatory condition in the infective microenvironment. Correspondingly, the amount of TLR9^+^ peritoneal cells in the PAMAM-G3--treated septic mice was remarkably lower than that in the untreated CLP mice ([Fig. 2C](#F2){ref-type="fig"}). Since macrophage is an important player in the immunopathogenesis of sepsis, we asked whether cfDNA-mediated TLR9 activation was pivotal for M1 macrophage polarization, thereby resulting in proinflammatory cytokine release during sepsis development. We harvested peritoneal macrophages (fig. S6D) and identified that a higher portion of them (6.3%) were CD11c^+^ (M1-polarized macrophages; [Fig. 2D](#F2){ref-type="fig"}) in the septic mice, while the PAMAM-G3 treatment reduced the population of those cells (2.5%). In addition, the M1-polarized markers, TNF-α ([Fig. 2E](#F2){ref-type="fig"}) and inducible nitric oxide synthase (iNOS) ([Fig. 2F](#F2){ref-type="fig"}), which were up-regulated in CLP-challenged peritoneal macrophages, were significantly repressed by PAMAM-G3, and the expression of the M2-polarized marker, Arg-1, was partly restored ([Fig. 2G](#F2){ref-type="fig"}). As the TLR9-MyD88 (myeloid differentiation primary-response protein 88)--nuclear factor κB (NF-κB) axis is the classic pathway involved in cfDNA-triggered TLR9 activation, we further investigated whether cfDNA scavenging affected the expression of the components in this pathway, including TLR9, MyD88, and NF-κB phosphorylated p65 (p-p65) (fig. S6E). The expression of TLR9 ([Fig. 2H](#F2){ref-type="fig"}) and MyD88 ([Fig. 2I](#F2){ref-type="fig"}) was markedly up-regulated in the peritoneal macrophages of model mice, and the level of p-p65 ([Fig. 2J](#F2){ref-type="fig"}) increased substantially as well. In contrast, treatment with PAMAM-G3 significantly limited the activation of TLR9-MyD88--NF-κB signaling pathway. These data supported our hypothesis and suggested that PAMAM-G3 reversed the M1 polarization of peritoneal macrophages through TLR9-MyD88--NF-κB signaling pathway during severe sepsis progression.

![PAMAM-G3 reverses M1 polarization of peritoneal macrophages through the TLR9-MyD88--NF-κB signaling pathway during severe sepsis.\
High-grade CLP was performed on BALB/c mice, followed by intraperitoneal injection of PAMAM-G3 or XBJ (20 mg/kg) 12 hours before and 1 and 12 hours after surgery. (**A**) Serum and (**B**) peritoneal cfDNA levels were analyzed after 24 hours after CLP. (**C**) The number of TLR9^+^ cells and (**D**) the percentage of M1-polarized macrophages (CD11c^+^F4/80^+^) were assessed in PLF by flow cytometry 8 hours after CLP. Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 6 to 8 mice per group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM. (**E** to **J**) Peritoneal macrophages were collected 8 hours after CLP, and mRNA was extracted, converted to complementary DNA, and analyzed via real-time polymerase chain reaction (PCR) for (E) TNF-α, (F) iNOS, and (G) Arg-1 gene expression. The data are expressed as fold change relative to the saline-treated normal group and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression. In parallel, macrophages were lysed in radioimmunoprecipitation assay (RIPA) buffer before analysis of (H) TLR9, (I) MyD88, and (J) p-p65 protein expression via Western blotting. The data are expressed as fold change relative to the control group and normalized to GAPDH or p65 protein expression. Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 5 mice per group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM (*n* = 3 independent experiments in triplicate).](aay7148-F2){#F2}

Charge density affects the efficacy of MSN-PEI on cfDNA-driven inflammation
---------------------------------------------------------------------------

After seeing the therapeutic potential of cfDNA scavenging for treating severe sepsis, we hypothesized that NABNs, rather than NABPs, might achieve more efficient and safer cfDNA scavenging in severe sepsis due to favorable accumulation in inflamed tissue ([Fig. 3A](#F3){ref-type="fig"}). We and other groups have previously demonstrated that large-pore MSN is a versatile carrier for delivering biologics, such as nucleic acids and proteins, due to its large surface area and ease for functionalization ([@R27]--[@R29]). We therefore synthesized a large-pore, disulfide-bridged MSN (150 nm in diameter with 7-nm pores) as a model for developing NABNs (fig. S7, A to C). Its glutathione (GSH)--responsive degradation capability ([Fig. 3, B to D](#F3){ref-type="fig"}) with low cytotoxicity (fig. S7D) also motivated us to select this biomaterial. To evaluate the surface charge density effect, we designed three NABNs with different charge densities through functionalizing the MSNs with or without PEIs \[number-average molecular weight (*M*~n~), 25 kDa or 800 Da\]. After the conjugation, PEI mass content and surface area were characterized (fig. S7, E to H) and calculated (table S1) to determine the charge density of each MSN-PEI, with the charge density defined as the average molar nitrogen atoms per unit area of the nanoparticle surface. Although MSN-PEI 25K and MSN-PEI 800 have similar size, zeta potential (table S1), and degradable behavior (fig. S8), the former held a stronger charge density (represents as molar nitrogen atoms per surface area) than the latter one (10.85 versus 8.55 μM N/m^2^), as corroborated by a higher DNA binding capacity described below. In addition, the cationic MSNs (MSN-NH~2~) with the lowest charge density (0.64 μM N/m^2^) were used for further comparison.

![PEI-functionalized biodegradable MSNs block the proinflammatory response in vitro.\
(**A**) The mechanism by which NABNs scavenge cfDNA to inhibit the proinflammatory response and treat severe sepsis. NABNs with a cationic corona are formed by conjugating PEI of different molecular weights onto the surface of biodegradable MSNs. After intraperitoneal injection into the CLP-induced severe sepsis models, NABNs exhibited favorable accumulation and retention in the inflamed cecum, protecting mice against death by attenuating proinflammatory effects and multiple organ injury through scavenging of cfDNA. (**B** to **D**) Transmission electron microscopy images of MSNs after incubation in buffer containing 5 × 10^−3^ M GSH for (B) 0 days, (C) 1 day, and (D) 3 days. Scale bar, 10 nm (B, inset). (**E**) ct-DNA binding efficiency of NABNs or NABPs with different mass ratios at 37°C. The data are expressed as the means ± SEM (*n* = 3 independent experiments in triplicate). (**F**) Activation of HEK-TLR9 reporter cells by either healthy human sera or sepsis patient sera in the absence or presence of NABNs or NABPs (10 μg/ml) for 24 hours. The corresponding SEAP activity in supernatants from each group was determined with a QUANTI-Blue assay at OD~620~. (**G**) RAW 264.7 macrophages were stimulated with sepsis patient sera in the absence or presence of NABNs or NABPs (10 μg/ml) for 24 hours. Supernatants were assayed for TNF-α via ELISA. In (F) and (G), differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (\**P* \< 0.05, compared with healthy serum; \#*P* \< 0.05, compared with sepsis serum; \^*P* \< 0.05, compared with sepsis serum + MSN-PEI 25K; &*P* \< 0.05, compared with sepsis serum + PEI 25K). The data are expressed as the means ± SEM (*n* = 3 independent experiments in triplicate).](aay7148-F3){#F3}

Both types of MSN-PEI, but not MSN-NH~2~, complexed with cfDNA in a dose-depending manner (fig. S9A) and formed stable scavenger-DNA complexes (fig. S9B). Notably, MSN-PEI 25K had median effective dose in binding compared with MSN-PEI 800 but lower than its PEI counterpart ([Fig. 3E](#F3){ref-type="fig"}). Using the HEK-TLR9 reporter cells, we found that all NABNs and NABPs significantly inhibited both CpG-induced (fig. S9, C and D) and sepsis serum--induced ([Fig. 3F](#F3){ref-type="fig"}) TLR9 activation under the same dosage. MSN-PEI 25K exhibited comparable TLR9 inhibition with PEI 25K on a mass-based comparison, although the MSN-PEI 25K has a lower N content. Among all the nanoparticles, the NABN with the higher charge density was more efficient in blocking the TLR9 activation. We saw similar trends in TNF-α secretion from those danger signals--activated macrophages ([Fig. 3G](#F3){ref-type="fig"} and fig. S9E). As a result, we could confirm that charge density played an important role in NABN-mediated cfDNA scavenging and inflammation inhibition.

MSN-PEI attenuates proinflammatory effects and multiple organ injury in severe sepsis
-------------------------------------------------------------------------------------

Repetitive intraperitoneal administration of both NABNs conferred protection against CLP-induced death, which was consistent with transient clinical scores from the 24- to 48-hour time points ([Fig. 4, A and B](#F4){ref-type="fig"}). The MSN-PEI 25K group outperformed the MSN-PEI 800 group in agreement with the in vitro results. Neither PEI 25K nor PEI 800, the soluble cationic counterparts, could improve the survival of CLP-induced mice compared with the control group. Consistent with the decreased mortality, the serum ([Fig. 4C](#F4){ref-type="fig"}) and peritoneal ([Fig. 4D](#F4){ref-type="fig"}) cfDNA levels and number of TLR9^+^ peritoneal cells ([Fig. 4E](#F4){ref-type="fig"}) in the MSN-PEI 25K--treated mice were significantly lower than those in other groups (fig. S10, A to C). Similarly, MSN-PEI 25K administration significantly reduced CLP-induced TNF-α ([Fig. 4F](#F4){ref-type="fig"}), IL-6 ([Fig. 4G](#F4){ref-type="fig"}), and MCP-1 ([Fig. 4H](#F4){ref-type="fig"}) release in both the serum and peritoneal fluid (fig. S10, D to I). The serum cfDNA and proinflammatory levels of the mice treated with its counterpart (PEI 25K) were somewhat higher, suggesting toxicity, although the peritoneal cfDNA level was decreased. In addition, MSN-PEI 25K resulted in less septic death, accompanied with reduced cfDNA levels, and lower number of TLR9^+^ cells and M1-polarized macrophages in PLF through inhibition of the TLR9-MyD88--NF-κB pathway, when compared with PAMAM-G3 (fig. S11).

![MSN-PEI 25K protects mice against CLP-induced severe sepsis.\
High-grade CLP was performed on BALB/c mice, followed by intraperitoneal injection of MSN-PEI 25K, MSN-PEI 800, PEI 25K, PEI 800, or MSN-NH~2~ (20 mg/kg) 12 hours before and 1 and 12 hours after surgery. (**A**) Mice were monitored for 144 hours after CLP for clinical scoring. The data are expressed as the means ± SEM. (**B**) Survival was monitored for 144 hours (*n* = 10 mice per group; \*\**P* \< 0.01, \*\*\**P* \< 0.001, Kaplan-Meier survival analysis). (**C**) Serum and (**D**) peritoneal cfDNA levels were measured at 3, 6, 12, 18, and 24 hours after CLP. (**E**) The number of TLR9^+^ cells was assessed in PLF by flow cytometry 8 hours after CLP. (**F** to **H**) 24 hours after CLP, levels of the proinflammatory cytokines (F) TNF-α, (G) IL-6, and (H) MCP-1 in serum were measured. (E to H) Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 6 to 8 mice per group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM.](aay7148-F4){#F4}

Since multiple organ failure is the main consequence of severe sepsis ([@R30]), we carried out histopathological and biochemical analyses for the mice treated with NABPs at 24 hours after CLP induction. In the septic mice, hematoxylin and eosin (H&E)--stained sections revealed severe inflammatory cell infiltration in the lung, kidney, heart, liver, and spleen, showing typical multiple organ injuries, e.g., interalveolar septum thickened in the lung, tubular epithelial cell swelling in the kidney, and inflammatory cell infiltration in the liver and heart ([Fig. 5A](#F5){ref-type="fig"} and fig. S12A). In agreement with the survival data, administration of MSN-PEI 25K significantly attenuated the multiple organ injury of the liver ([Fig. 5B](#F5){ref-type="fig"}), kidney ([Fig. 5E](#F5){ref-type="fig"}), and other organs, thereby improving the injury score (fig. S12, B to E). Consistent with these changes in organ histology, MSN-PEI 25K markedly reversed the increased serum ALT ([Fig. 5C](#F5){ref-type="fig"}), AST ([Fig. 5D](#F5){ref-type="fig"}), BUN ([Fig. 5F](#F5){ref-type="fig"}), and CRE ([Fig. 5G](#F5){ref-type="fig"}), as well as CK and TBIL levels (fig. S13). Similarly, the PEI 25K group held comparable score for each organ and significantly increased the level of serum biochemical indicators. These in vivo data agreed with the in vitro results that NABNs were better than NABPs and the NABN with the higher charge density was more effective.

![MSN-PEI 25K attenuates multiple organ injury in CLP-induced severe sepsis.\
High-grade CLP was performed on BALB/c mice, followed by treatment as described in [Fig. 4](#F4){ref-type="fig"}. (**A**) Twenty-four hours after CLP, the lung, kidney, heart, liver, and spleen tissues were collected, stained with H&E, and analyzed. Scale bars, 20 μm. Multiple organ injury representations, including interalveolar septum thickened in the lung, tubular epithelial cell swelling in the kidney, inflammatory cell infiltration in the liver and heart, and nuclear debris from dying cells in the spleen, are marked with arrows. The corresponding (**B**) liver and (**E**) kidney injury scores were determined and calculated according to the established criteria. In parallel, the blood serum biochemistry parameters (**C**) ALT, (**D**) AST, (**F**) BUN, and (**G**) CRE were measured. Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 6 mice per group; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM.](aay7148-F5){#F5}

MSN-PEI exhibits higher accumulation in inflamed tissue with negligible toxicity
--------------------------------------------------------------------------------

To better understand the underlying mechanisms responsible for the different therapeutic effects between NABNs and NABPs, we first examined the cellular internalization of the scavengers. With CpG labeled with Cy5.5, the PEI or MSN-PEI was labeled with fluorescein isothiocyanate (FITC). Cy5.5-labeled CpG alone mostly appeared in the cytosol of macrophages, whereas addition of PEI or MSN-PEI formed a punctate pattern in the lysosomes/endosomes ([Fig. 6A](#F6){ref-type="fig"} and fig. S14A). Both NABNs of PEI 800 and PEI 25K exhibited higher cellular retention rate than their NABP counterparts (fig. S14B). The MSN-PEI 25K more efficiently interacted with the CpG, as reflected in a lowered cellular retention of CpG compared with MSN-PEI 800 (fig. S14C). We next studied the biodistribution of the Cy7-labeled NABNs and NABPs in abdominal organs through ex vivo near-infrared fluorescence (NIRF) imaging. In the sham mice, the NABNs and NABPs were mainly observed in the liver, with little difference of retention in the cecum ([Fig. 6B](#F6){ref-type="fig"} and fig. S15). However, in septic mice, both NABNs and NABPs preferentially localized in in the cecum, with NABNs showing longer retention in the colonic tissue than NABPs ([Fig. 6C](#F6){ref-type="fig"} and fig. S15). MSN-PEI 25K exhibited higher retention in the colonic tissue than MSN-PEI 800 ([Fig. 6D](#F6){ref-type="fig"}). Correspondingly, its counterpart PEI 25K had much higher accumulation in the liver and kidney. This differential accumulation was confirmed by quantitative measurement of Si in various tissues, reinforcing the NIRF imaging results that higher charge density correlated with higher accumulation in the inflamed site ([Fig. 6E](#F6){ref-type="fig"}).

![MSN-PEI 25K shows inflammatory-specific accumulation and retention with negligible toxicity in vivo.\
(**A**) Merged images show intracellular localization of cationic materials and CpG in RAW 264.7 cells after 6 hours of incubation. Scale bars, 5 μm. The large white spots in NABNs-treated cells are marked with an arrow. (**B** to **D**) Ex vivo NIRF images of cecum from (B) sham and (C) CLP mice 2, 12, and 24 hours after intraperitoneal injection of Cy7-labeled NABNs or NABPs (20 mg/kg). (D) Semiquantitative analysis of ex vivo fluorescence images of the cecum in (B) and (C). Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 3 mice per group; \*\**P* \< 0.01 and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM. ROI, region of interest. (**E**) Quantification analysis of Si content in the lung, kidney, heart, liver, spleen, and cecum of sham or CLP mice via inductively coupled plasma optical emission spectrometry (ICP-OES) after intraperitoneal injection of MSN-PEI 25K, MSN-PEI 800, or MSN-NH~2~ (20 mg/kg) 12 hours before surgery and 1 and 12 hours after surgery. The data are expressed as the means ± SEM (*n* = 5 mice per group). % ID/g, percentage of the injected dose per gram of tissue. (**F** to **H**) Normal mice were intraperitoneally injected three times with MSN-PEI 25K, MSN-PEI 800, PEI 25K, PEI 800, or MSN-NH~2~ (20 mg/kg) at 0, 13, and 24 hours. (F) cfDNA and (G) TNF-α levels and (H) the white blood cell (WBC) count were measured in the blood 24 hours after the last administration. Differences were assessed via one-way ANOVA with Tukey's multiple comparison tests (*n* = 5 to 6 mice per group; \**P* \< 0.05,\*\**P* \< 0.01, and \*\*\**P* \< 0.001). The data are expressed as the means ± SEM.](aay7148-F6){#F6}

As toxicity is a major concern in clinical application of cationic materials ([@R31]), we found that MSN-PEI 25K showed reduced toxicity compared with the soluble PEI 25K in macrophages \[with a median inhibitory concentration (IC~50~) of 61.45 μg/ml versus 22.98 μg/ml for PEI\], and as expected, the one with higher charge density was more toxic in both RAW 264.7 and human umbilical cord endothelial cells (fig. S16). Subsequently, we systematically determined the safety profile of NABNs and NABPs in the healthy mice. In line with the repetitive administration procedure, we evaluated the acute toxicity of these scavengers with thrice-repeated dosing within 24 hours (table S2). All of the PEI-treated mice (both 25K and 800) died at the dose of 40 mg/kg. In contrast, all of the mice in both MSN-PEI 25K and MSN-PEI 800 groups behaved normally under the same dosage, showing no mortality at 320 mg/kg but suffering a 50 and 20% mortality, respectively, at the dose of 640 mg/kg. We further probed the possible mechanism of NABP-induced toxicity and observed that PEI 25K increased the levels of biochemical parameters in comparison with those of the control group (fig. S17). Correspondingly, markedly higher levels of cfDNAs and proinflammatory cytokines, abnormal number of blood cells, and damaged tissue of the liver, kidney, and lung in the PEI 25K group were also observed ([Fig. 6, F to H](#F6){ref-type="fig"}, and figs. S18 to S20), implying that the toxicity originated from the systematic proinflammatory response, resulting in thrombosis. Both MSN-PEI 25K and MSN-PEI 800 did not significantly change the level of any serum biochemical indicators, blood cell number, or proinflammatory cytokine level, consistent with negligible pathological changes in the major organs described earlier.

DISCUSSION
==========

Sepsis, severe sepsis, and septic shock represent increasingly severe systemic inflammation ([@R4]). Among them, severe sepsis is the most lethal, associated with hypotension, hypoperfusion or organ dysfunction, and high mortality ([@R4], [@R32]). As severe sepsis involves multiple inflammatory cytokines and other pathological conditions, therapeutic strategies simply targeting cytokines, coagulation factors, or virulence factors only offer limited benefit ([@R5]). The complexity of the inflammatory response in sepsis represents a significant challenge for the development of effective therapies. Recent evidences have shown that poorly regulated activation of TLRs triggers imbalance of innate immune system, thereby leading to elaborate proinflammatory cytokine storm during SIRS ([@R33], [@R34]). As a result, targeting the interactions between danger signals and TLR activation may be a fruitful direction for sepsis therapy. Clinically, septic patients often have elevated circulating cfDNA released from pathogens or/and infected host cells ([@R10]). Similar in our hands, we found the levels of circulating cfDNA increased in both septic mice and patients. We found that there is a different time-dependent manner of serum and peritoneal cfDNA levels in CLP mice. We attributed this phenomenon to the fact that (i) since the early infection and inflammation happened in cecum, the peak of peritoneal cfDNA at 6 hours after CLP was mainly from the bacteria-released CpG; (ii) the released CpG might enter the blood, combined with the later organ damage causing a peak of serum cfDNA at 18 hours after CLP. In both cases, the decrease in cfDNA level in 24 hours after CLP might be explained by the metabolic clearance of this cfDNA by deoxyribonuclease (DNase) or other phagocytes. Although the cfDNA level decreased at 24 hours after CLP, their level was still much higher than the normal group. It is worth noting that the higher cfDNA level in our severe septic model was strongly associated with mortality. Although underlying mechanisms have yet to be fully elucidated, scavenging cfDNA or blocking abnormal cfDNA-sensing pathways appears fruitful in ameliorating systemic inflammation in severe sepsis.

To validate the scavenging concept, we first used PAMAM-G3, a widely studied NABP that has previously been demonstrated to neutralize proinflammatory TLR9 agonists, such as CpG ([@R13]), to establish that a cfDNA scavenger could play a beneficial role in sepsis by modulating the cytokine storm and prevent multiple organ failure. Our observation was also aligned with the study reporting that degradation of cfDNA by DNase treatment induced a protective effect in the same septic model ([@R35]). Furthermore, we observed that MCP-1, an important chemoattractant for macrophage migration toward dead cells ([@R36]), was up-regulated markedly in the peritoneal fluid of septic mice, indicating an important role of macrophage during sepsis. Together with the increase of TLR9^+^ peritoneal cells, both in vitro and in vivo results revealed that cfDNA promoted the proinflammatory phenotype of macrophages, at least partially, via the TLR9-MyD88--NF-κB signaling pathway. This speculation comes from the finding that PAMAM-G3 could elicit anti-inflammatory effects not only at the site of infection but also at other tissues, including the lung, liver, kidney, and heart, through the blocking of M1 macrophage polarization. Similar to the protective effect in CLP model, PAMAM-G3 significantly improved the survival, reduced TLR9^+^ cell number, and attenuated proinflammatory cytokines in the CpG-induced fatal model. PAMAM-G3 exhibited comparable efficiency with a clinically approved antisepsis drug XBJ at the standard dose in the lethal CLP model ([@R25]). In light of this, we believe that cfDNA instigated the macrophage-mediated proinflammatory response through the TLR9-MyD88--NF-κB signaling pathway, and cfDNA scavengers can intervene at this signaling pathway for severe sepsis.

Despite its wide use in drug delivery and positive outcome in treating severe sepsis, the significant toxicity of PAMAM-G3 would hinder its translation ([@R18]); the batch-to-batch variability of the commercially available PAMAM-G3 observed in our hands is also challenging. PEI may be equally problematic in toxicity, although its synthesis is straightforward and reproducible. Nevertheless, we chose PEI in this proof-of-concept study because these stable PEI-functionalized MSNs have been widely used for gene delivery without showing significant toxicity in vivo ([@R29], [@R37]). In gene delivery, the surface charge plays a role on the transfection efficacy ([@R37]), which is also a factor determining cfDNA scavenging and the downstream therapeutic efficacy. To study this effect, we chose two PEIs with different molecular weights (25 kDa and 800 Da) for MSN functionalization. The MSN was chosen for its high surface area, and the disulfide-bridged MSN would facilitate eventual translation ([@R38], [@R39]). Although MSN-PEI 25K was comparable with its counterpart, PEI 25K, in blocking CpG or septic serum--triggered TLR9 activation and proinflammatory effect in vitro, MSN-PEI 25K exhibited better performance in the septic mice model with improved survival, decreased cfDNA level, and lower proinflammatory cytokine level, along with diminished organ failure. Unexpectedly, regardless of the reduction of cfDNA affected by the soluble PEI 25K in the intraperitoneal space, the serum cfDNA level was elevated, which exacerbated proinflammation and organ damage. This phenomenon might be attributed to the fact that PEI 25K could distribute into the blood and cause unwanted toxicity to release cfDNA, resulting in periodically increased serum cfDNA level. This finding suggests that serum cfDNA is a better biomarker than peritoneal cfDNA level in predicting therapeutic outcomes. Clinical observations have supported the correlation between cfDNA and organ dysfunction ([@R40]); our findings suggest that not only circulating cfDNA but also peritoneal cfDNA are relevant with multiple organ failure in the CLP-induced mice. The higher efficacy of nanoparticulate NABNs compared with the soluble NABPs is consistent with our previous findings that cationic nanoparticles outperformed the soluble polycations in scavenging cfDNA for rheumatoid arthritis treatment ([@R21]).

The structure-property relationship of cationic polymer in gene transfection and toxicity has been extensively investigated ([@R41]--[@R43]). Increase in molecular weight and charge density of PEI not only yielded higher nucleic acid complexation capacity and transfection efficiency but also increased toxicity ([@R44]). Here, we have demonstrated that the NABNs with a higher charge density exhibited stronger nucleic acid--binding affinity, thereby being more effective on attenuating cfDNA-mediated proinflammation in vitro and rescuing the septic animals from lethal inflammation in vivo. On the other hand, although PEI 25K worked well in vitro, it failed to prevent septic death in vivo. This may be attributed to its increased toxicity, resulting in exacerbating lethal inflammation rather than alleviating proinflammatory response.

To understand why NABNs would outperform NABPs, our intracellular trafficking and tissue distribution studies suggest that the nanoparticulate scavengers were more favorably accumulated in the site of action, when compared with its soluble counterparts. The former would have the nanoparticles sequestered into the endolysosomal compartment, where TLR9 resides, more efficiently, as evidenced by the higher intensity and persistence of the nanoparticulate scavenger signal. The charge density effect came into play in more efficiently binding the CpG, probably in the extracellular space. We believe that some scavenger-DNA complexes have localized on cell membrane rather than cytoplasm or endosome; the cell membrane--attached complexes were able to enter the cells with increasing incubation time, resulting in the increased fluorescence intensity of both scavengers and CpG. In tissue biodistribution, the cationic nanoparticles could reach the inflamed sites due to the leaky microvasculature, and once reached, there would be retained for a longer period of time. Hence, the nanoparticle would enjoy an enhanced permeation and retention effect similar to that observed in a murine tumor microenvironment ([@R45], [@R46]). All these extra- and intracellular transport factors contribute to the success of the nanoparticulate scavengers. In addition, they also have better safety profiles. We found that MSN-PEI 25K and PEI 25K were more cytotoxic than MSN-PEI 800 and PEI 800, respectively. Our finding supports the previous reports regarding the correlation between nanoparticle's cytotoxicity and surface charge density ([@R37], [@R47]); the IC~50~ of MSN-PEI 25K was higher than that of PEI 25K. The reduced toxicity of NABNs benefits the fact that PEI was covalently attached to the surface of MSNs rather than encapsulated, thus avoiding undesired release of PEI. The MSN-PEI 25K exhibited a good safety profile for intraperitoneal administration, even at a high dose of 640 mg/kg. However, PEI 25K--exposed mice showed elevated serum tissue enzymes, proinflammatory immune cells, and cytokines, as well as pathological phenotypes in the liver, kidney, heart, and lung.

There are two other nanotherapeutic approaches targeting sepsis in the literature ([@R48], [@R49]). Soh *et al.* ([@R48]) doped ceria nanoparticles with zirconia to form 2-nm Ce~0.7~Zr~0.3~O~2~ ceria-zirconia nanoparticles (7CZ) with strong reactive oxygen species (ROS) scavenging capacity because the Zr^4+^ ions improve the conversion of Ce^4+^ to Ce^3+^ oxidation state, thereby scavenging the O~2~^−^ and OH species more effectively. Administration of 7CZ through intraperitoneal route at a dose of 2 mg/kg improved the survival rate to \~50% (2.5-fold compared with control) in a CLP model that we would characterize as between moderate and severe. Although the upstream scavenging mechanisms of our approach appears to differ from the aforementioned study, PAMP-specific versus ROS-dominant, these two approaches may share common downstream molecular pathways in the intraperitoneal macrophages, as suggested by the comparable performance in survival prolongation. Another nanotherapeutic approach ([@R49]) relies on targeting the sialic acid--binding immunoglobulin-like lectin-E (Siglec-E) receptor, which plays an important role in down-regulating inflammatory mediators via inhibition of neutrophil infiltration and/or TLR pathways. When 150-nm PLGA \[poly(lactic-co-glycolic acid\] nanoparticles decorated with a Siglec ligand were intraperitoneally administered at a dose of 2 mg per mouse (\~80 to 100 mg/kg) on a daily basis (total of nine injections) to a CLP model that we characterized as less severe, a 100% survival could be achieved. Our study cannot match this impressive performance, although we used a lower dose of 20 mg/kg of three injections each and in a more severe sepsis model. The underlying mechanisms of the therapeutic outcome also appear different, although both studies saw a reduction in TNF-α and IL-6 levels in vitro and in vivo. It would be tempting to investigate whether a combination of these nanoparticulate targeting strategies could achieve a synergistic effect to tackle the complicated and challenging septic conditions.

In summary, we have revealed a role of cfDNA in stimulating the TLR9-mediated proinflammatory response and provided a new target for severe sepsis management. Activation of the TLR9-MyD88--NF-κB pathway in peritoneal macrophage by cfDNA is crucial and may contribute to the pathogenesis and progression of severe sepsis. We showed that PAMAM-G3, a classic NABP, could reduce septic death and ameliorate multiple organ injury in the severe sepsis model. By balancing efficacy and toxicity of cfDNA scavengers for severe sepsis therapy, we have developed NABNs consisting of PEI-functionalized biodegradable MSNs with favorable accumulation and retention behavior in inflammatory tissue, resulting in improved survival and reduced multiple organ injury compared with the soluble NABP counterparts. The NABNs with higher charge density gave stronger inhibition on cfDNA-driven proinflammation in vitro and showed better therapeutic efficacy in vivo. Together, our findings suggest a new nanoparticulate scavenging approach to treating severe sepsis and shed light on the development of safe and effective NABNs for lethal inflammatory disorders.

MATERIALS AND METHODS
=====================

Synthesis of MSN-PEI
--------------------

PEI-conjugated MSNs were fabricated according to our previously reported protocol ([@R29]). Briefly, 4.0 g of cetyltrimethylammonium tosylate, 1.6 g of triethanolamine, and 200 ml of deionized water were stirred at 80°C for 1 hour. Then, a solution containing 3.2 g of tetraethyl orthosilicate and 2.4 g of *bis*\[3-(triethoxysilyl)propyl\]tetrasulfide was added dropwise to the surfactant solution. The resulting mixture was stirred at 80°C for another 4 hours at 1000 rpm. The reaction mixture was centrifuged to collect the products, and then the products were washed three times with ethanol and refluxed in an ethanol solution of ammonium nitrate (1%, w/v) for 12 hours. The disulfide-bridged MSNs were collected, washed, and dried under vacuum. Next, the MSNs (1.0 g) were suspended in 250 ml of toluene under 1 hour of sonication, and (3-glycidyloxypropyl)trimethoxysilane (1.5 ml) was added; the mixture was then refluxed at 80°C for 24 hours. The epoxysilane-functionalized MSNs were separated, collected, washed, and dried under vacuum. Last, epoxysilane-functionalized MSNs (500 mg) were suspended in 250 ml of PEI 25K or PEI 800 solution (1 mg/ml) under 1 hour of sonication. The reaction was performed at room temperature for 24 hours. PEI-functionalized MSNs were collected, washed, and redispersed in water for further use.

Patient samples
---------------

Serum samples from 15 patients with sepsis and 16 healthy volunteers were obtained from the Second Affiliated Hospital of Jilin University. Collection of samples was performed with the approval of the Ethics Committee at the Second Affiliated Hospital of Jilin University. Sepsis was confirmed by the Third International Consensus Definitions for sepsis and septic shock (Sepsis-3) ([@R50]).

DNA binding assay
-----------------

The efficiency of NABNs or NABPs binding with ct-DNA was determined on the basis of our previously reported protocol with minor modification. Briefly, 25 μl of ct-DNA (10 μg/ml) and 25 μl of PicoGreen were mixed with 50 μl of Milli-Q water in wells of a 96-well plate. The mixture was shaken for 30 min in the dark to form DNA-dye complex. Then, 100 μl of NABNs or NABPs at different concentrations was added. After incubation at 37°C for 1 hour, the fluorescence intensity at 520 nm was measured with a multiwell plate reader (BioTek, Winooski, VT) via excitation at 490 nm.

In vitro TLR9 activation assay
------------------------------

HEK-Blue TLR9 reporter cell lines were obtained from InvivoGen (San Diego, CA) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin cocktail. Then, CpG 1826 (1 μg/ml) or 5 μl of human sera was incubated with HEK-Blue TLR9 reporter cells at a density of 5 × 10^4^ per well in a 96-well plate for 30 min, and NABPs or NABNs (10 μg/ml) were added in a final volume of 200 μl. After incubation for 24 hours, the supernatants were collected and incubated with QUANTI-Blue (InvivoGen, San Diego, CA). The corresponding embryonic alkaline phosphatase (SEAP) activity in each well was determined by measuring the optical density at 620 nm (OD~620~) using a multiwall plate reader.

In vitro anti-inflammatory assays
---------------------------------

RAW 264.7 macrophages were purchased from American Type Culture Collection (Manassas, VA) and maintained in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, and 1% penicillin-streptomycin cocktail. Then, CpG 1826 (1 μg/ml) or 5 μl of human sera were incubated with 2 × 10^4^ per well in a 96-well plate for 30 min, and NABPs or NABNs (10 μg/ml) were added in a final volume of 200 μl. After incubation for 24 hours, the supernatants were collected, and the TNF-α level was measured by enzyme-linked immunosorbent assay (ELISA) kit (Proteintech, Rosemont, USA).

Animals
-------

All animal experiments were performed in accordance with the procedures and protocols approved by the Ethics Committee for the Use of Experimental Animals of Jilin University (Changchun, China). Six- to eight-week-old male BALB/c mice were purchased from Changchun Yisi Laboratory Animal Technology. All of the mice were maintained in the animal facility of the College of Basic Medical Sciences, Jilin University. Before experiments, all of the mice were acclimatized for at least 1 week.

CLP-induced sepsis model and treatment
--------------------------------------

Sepsis was developed in mice using a CLP procedure as previously described ([@R23]). Briefly, mice were anesthetized with ketamine \[80 to 100 mg/kg, intraperitoneally (i.p.)\] and xylazine (10 to 12.5 mg/kg, i.p.) after a 12-hour fasting. The abdominal cavity was opened with a midline incision in layers, and the cecum was gently exteriorized and then ligated with 4-0 silk without causing intestinal obstruction. Then, the cecal stump was punctured with a 21-gauge needle twice. The laparotomy site was closed with the 4-0 silk, and each of the mice was subcutaneously injected with resuscitative prewarmed sterile saline. In the sham group, only the abdominal laparotomy procedure was performed. After CLP, the mice were monitored for 144 hours to record the survival rate and clinical scores according to a previously established method ([@R49]). Mice were scored every 12 hours using the following criteria: score 0, no symptoms; score 1, piloerection and huddling; score 2, piloerection, diarrhea, and huddling; score 3, lack of interest in surroundings and severe diarrhea; score 4, decreased movement and listless appearance; and score 5, loss of self-righting reflex. Mice were humanely euthanized when they exhibited a score of 5. The mice were divided into three groups and subjected to different grades of CLP: (i) mild sepsis, 10% of the cecum was ligated and punctured with a 21-gauge needle twice; (ii) moderate sepsis, 50% of the cecum was ligated and punctured with a 21-gauge needle twice; and (iii) severe sepsis, 100% of the cecum was ligated and punctured with a 21-gauge needle twice.

In the severe sepsis model, NABNs or NABPs (20 mg/kg, i.p.), XBJ (4 ml/kg) was administered 12 hours before CLP and 1 and 12 hours after CLP. Mice (*n* = 8 to 10) were monitored for survival rate and clinical score as described above. Twenty-four hours after CLP, serum was collected for analysis of cfDNA, TNF-α, IL-6, and MCP-1 levels and tissue enzyme levels. Peritoneal fluids were collected simultaneously for detection of cfDNA, TNF-α, IL-6, and MCP-1 levels and to determine the number of TLR9^+^ cells and macrophages. The lung, kidney, liver, spleen, and heart were collected and fixed with 4% paraformaldehyde for histopathological examination.

Extraction and quantification of cfDNA
--------------------------------------

Extraction of cfDNA from serum or peritoneal fluid was performed with a DNeasy Blood & Tissue Kit (QIAGEN, Germany). The concentration of cfDNA was measured using the Quant-iT PicoGreen double-stranded DNA Assay Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions.

Flow cytometric analysis
------------------------

To quantitatively determine the number of TLR9^+^ immune cells in peritoneal fluid, the peritoneal fluid was collected. The collected cells were washed twice and resuspended in staining buffer and then calculated. Then, the cells were fixed and permeabilized by adding Fixation/Permeabilization solution (BD Biosciences, USA). Then, the cells were incubated with CD289 (TLR9) monoclonal antibody at 4°C for 30 min. After washing, 1 × 10^4^ cells in each mouse were analyzed by fluorescence-activated cell sorting (FACS) (BD Accuri C6).

Peritoneal macrophage isolation
-------------------------------

Peritoneal macrophages were isolated as described previously ([@R51]). Briefly, peritoneal lavages were performed with 1 ml of phosphate-buffered saline. Cells were suspended in RPMI 1640 containing 10% fetal bovine serum (FBS) and incubated in an atmosphere of 5% CO~2~ at 37°C for 90 min. The nonadherent cells were removed, and the adherent cells were further cultured.

Quantitative real-time polymerase chain reaction assay
------------------------------------------------------

Peritoneal macrophages were isolated as described previously. TRIzol reagent was used to extract the total RNA, and 1 μg of the total RNA was reverse-transcribed using TransScript II Reverse Transcriptase (TransGen Biotech, Beijing, China). Quantitative polymerase chain reaction (PCR) was then performed using FastStart Universal SYBR Green Master mix (Roche Diagnostics Ltd., Lewes, UK). The amplified transcripts were quantified using the comparative *C*~t~ method.

Western blotting assay
----------------------

NF-κB p65 (phospho S536), NF-κB p65, MyD88, and TLR9 were detected via Western blot analysis. After isolation of peritoneal macrophages, the cells were lysed with the protease inhibitors supplemented radioimmunoprecipitation assay (RIPA) lysis buffer and centrifuged. Then, the cell lysate was collected and mixed with 5× loading buffer. The samples were heated at the temperature of 100°C for 5 min; an equal volume of the supernatant was loaded onto 10% polyacrylamide gels. Then, the separated proteins were transferred and probed with primary antibodies against NF-κB p65 (phospho S536), NF-κB p65, MyD88, TLR9, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), followed by incubating with the secondary antibody. The bands were analyzed with an enhanced chemiluminesence Western blotting detection system (Tanon 4200), and quantitative analysis was performed with Quantity One software.

Cellular colocalization and retention of cationic materials and CpG
-------------------------------------------------------------------

RAW 264.7 cells were seeded into 24-well culture plates and reach full attachment. Then, the cells were treated with Cy5.5-labeled CpG 1826 (1 μg/ml). After 30 min of incubation, cells were exposed to FITC-labeled NABNs or NABPs (10 μg/ml) for another 6 hours and then stained with 4′,6-diamidino-2-phenylindole and LysoTracker Red DNA-99 to observe the fluorescence via fluorescence microscopy. In parallel, after Cy5.5-CpG and FITC-NABNs or FITC-NABPs treatment for 3 hours, the fresh medium was added into each well, and cells were incubated for another 3, 6, 12, 18, and 24 hours. The relative fluorescence intensity of CpG and scavengers in RAW 264.7 cells at each time point was determined by FACS.

In vivo fluorescence imaging
----------------------------

The mice were divided into 10 groups: sham group, MSN-PEI 25K--treated sham group, MSN-PEI 800--treated sham group, PEI 25K--treated sham group, PEI 800--treated sham group, CLP group, MSN-PEI 25K--treated CLP group, MSN-PEI 800--treated CLP group, PEI 25K--treated CLP group, and PEI 800--treated CLP group. At 1 hour after surgery, the cationic materials were intraperitoneally injected into the mice at a dose of 20 mg/kg. At 2, 12, and 24 hours after surgery, mice were euthanized, and the images of the heart, lung, liver, spleen, kidney, and intestines were collected using an NIR imaging system (IVIS Spectrum, Caliper Life Sciences).

Biodistribution of NABNs
------------------------

The mice were randomly divided into eight groups, including the sham group, MSN-NH~2~--treated sham group, MSN-PEI 25K--treated sham group, MSN-PEI 800--treated sham group, CLP group, MSN-NH~2~--treated CLP group, MSN-PEI 25K--treated CLP group, and MSN-PEI 800--treated CLP group. At 12 hours before CLP and 1 and 12 hours after CLP procedure, NABNs (20 mg/kg) were intraperitoneally injected into the mice. Twenty-four hours after surgery, the main organs (intestines, spleen, heart, liver, lung, and kidney) and blood were disrupted with concentrated nitric acid. The concentrations of Si ion in the solutions were determined by inductively coupled plasma optical emission spectrometry (ICP-OES), and the contents in each organ were calculated through normalization of control group. Standards were prepared and measured along with the samples to calculate the percentage of the injected dose per gram of tissue (% ID/g).

Statistical analysis
--------------------

Statistical analyses were performed using GraphPad Prism software 7 (La Jolla, CA), and the results were expressed as means ± SEM. The differences between groups were assessed by either Student's *t* test (for simple two-sample comparison) or one-way analysis of variance (ANOVA) with Tukey's post hoc test (for multiple comparison). The Kaplan-Meier method was used to compare differences in survival rates.
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